ABSTRACT During fusion of the mammalian secondary palate, it has been suggested that palatal medial edge epithelial (MEE) cells disappear by means of apoptosis, epithelial-mesenchymal transformation (EMT) and epithelial cell migration. However, it is widely believed that MEE cells never differentiate unless palatal shelves make contact and the midline epithelial seam is formed. In order to clarify the potential of MEE cells to differentiate, we cultured single (unpaired) palatal shelves of ICR mouse fetuses by using suspension and static culture methods with two kinds of gasmixtures. We thereby found that MEE cells can disappear throughout the medial edge even without contact and adhesion to the opposing MEE in suspension culture with 95% O 2 /5% CO 2 . Careful examination of MEE cell behavior in the culture revealed that apoptosis, EMT, and epithelial cell migration all occurred at various stages of MEE cell disappearance, including the transient formation and disappearance of epithelial triangles and islets. In contrast, MEE cells showed poor differentiation in static culture in a CO 2 incubator. Furthermore, mouse and human amniotic fluids were found to prevent MEE cell differentiation in the cultured single palatal shelf, although paired palatal shelves fused successfully even in the presence of amniotic fluid. We therefore conclude that terminal differentiation of MEE cells is not necessarily dependent on palatal shelf contact and midline epithelial seam formation, but such MEE cell differentiation appears to be prevented in utero by amniotic fluid unless palatal shelves make close contact and the midline epithelial seam is formed.
Introduction
The formation of the mammalian secondary palate requires several developmental steps, including growth, elevation, and midline fusion of the palatal shelves (Ferguson, 1988) . During the fusion of palatal shelves, a midline epithelial seam is formed following the contact and adhesion of the medial edge epithelial (MEE) cells of the bilateral palatal shelves. Subsequently, the midline epithelial seam rapidly thins and undergoes disruption, concomitantly with the disruption of the underlying basement membrane. 'Epithelial triangles' and 'epithelial islets' are formed transiently along the disrupting midline seam and later disappear to bring about mesenchymal confluence across the secondary palate.
Many investigations have focused on the mechanisms underlying the disappearance of MEE cells during palatal fusion. Earlier studies provided ultrastructural evidence for the occurrence of programmed cell death (PCD) in disappearing MEE cells such as the presence of autophagic vacuoles, lysosomes and macrophages (Shapiro and Sweney, 1969; Smiley, 1970; Smiley and Koch, 1975) . The mode of cell death was shown to be apoptosis by cytochemical evidence of apoptotic DNA fragmentation (Mori et al., 1994; Taniguchi et al., 1995; Martínez-Álvarez et al., 2000; Cuervo et al., 2002; Cuervo and Covarrubias, 2004) . On the other hand, Fitchett and Hay (1989) reexamined the process of palatal fusion in rats and observed the occurrence of epithelial-mesenchymal transformation (EMT) in the disappearing midline epithelial seam. They concluded that basal MEE cells never die but undergo EMT and that PCD is restricted to the periderm (super-ficial MEE) cells when the cells are trapped in the midline seam. Fitchett and Hay (1989) and Shuler et al. (1991) characterized the EMT of MEE cells by the change of cellular intermediate filaments. Although MEE cells express cytokeratin before palatal shelf contact, they express vimentin simultaneously with cytokeratin at the time of midline seam disruption and only vimentin after palatal fusion. In addition to such cytoskeletal changes, labeling of MEE cells with fluorescent dyes before palatal shelf contact revealed that they remained in the mesenchyme after palatal fusion (Shuler et al., 1991; Griffith and Hay, 1992) . However, Carette and Ferguson (1992) failed to observe EMT and PCD in a similar cell tracing study and concluded that epithelial cell migration toward the nasal and oral epithelia is the mechanism responsible for MEE cell disappearance during palatal fusion. Although Mori et al. (1994) and Martínez-Álvarez et al. (2000) claimed that PCD, EMT, and epithelial cell migration are all involved in MEE cell disappearance, recently Cuervo et al. (2002) and Cuervo and Covarrubias (2004) failed to observe EMT in fusing palates in vitro and claimed that MEE cells disappear mainly by PCD during palatal fusion. Thus, the actual MEE cell fates are still inconclusive and await further clarification.
In addition, it remains unclear whether palatal shelf contact and midline seam formation are required for MEE cell differentiation. Some previous studies showed that MEE cells could partially degenerate when palatal shelves were separated and cultured singly in vitro Koch, 1972, 1975; Dixon and Ferguson, 1992) . However, Griffith and Hay (1992) failed to observe such MEE cell disappearance in the palatal shelves cultured singly and concluded that formation of the midline epithelial seam is indispensable for inducing EMT of basal MEE cells. Since their paper, no investigators have shown the occurrence of autonomous MEE cell disappearance in single (unpaired) palatal shelf cultures. Therefore, it seems to be widely accepted that MEE cells differentiate dependently on palatal shelf contact and midline seam formation. Consistent with this hypothesis, in cases of cleft palate, there has been no report that MEE cells disappeared from the medial edge of unfused palatal shelves.
As mentioned above, most previous hypotheses concerning mammalian palatogenesis were drawn from in vitro studies using rodent fetal palates. Although palate organ cultures enable various experiments which are impossible in utero, they sometimes produce conflicting results. Palate culture methods reported thus far can be largely divided into the static culture method using a CO 2 incubator (Pourtois, 1966 (Pourtois, , 1968 Smiley and Koch, 1971 , 1972 , 1975 Dixon and Ferguson, 1992; Griffith and Hay, 1992; Martínez-Álvarez et al., 2000; Cuervo et al., 2002; Cuervo and Covarrubias, 2004) and the suspension culture method with rolling bottles (Shiota et al., 1990; Brown et al., 2002) . In those cultures, some fundamental questions remain such as: (1) In order from the left, oral and medial views of the single shelf explants, and the cell morphology of the medial edge and oral and nasal epithelia, respectively. (F-J) Corresponding images of (A-E) after 36 hours of suspension culture with 95% O 2 / 5% CO 2 respectively. Insets in (I,J) show the oral and nasal epithelia of E15.5 palates, respectively. (K-O) Corresponding images of (A-E) after 36 hours of static culture with 95% air / 5% CO 2 respectively. In oral views of the single shelf, its anterior direction faces up in each image. In medial views, its anterior direction faces up in each image, and the nasal side of the shelf faces right and the oral side faces left, respectively. Arrows in (A,F,K) indicate the medial edge of the single palatal shelf. The asterisk in (K) marks the necrotic tissues pushed out from the interior of the explants due to gravity. Note that the oral and nasal epithelia showed poor differentiation and the medial edge cells became degenerative when the single palatal shelf was cultured for 36 hours by static culture with 95% air / 5% CO 2 in a CO 2 incubator (K-O). Scale bars: (A,F,K) 500 
Results
Effects of suspension and static cultures with two kinds of gas-mixtures on growth and differentiation of palatal tissues in vitro In normal palate development in ICR mice, palatal shelves usually elevate above the tongue by E14.0, but they do not make contact with each other until around E14.3. Although the medial edge region of the E14.0 palatal shelf was not clearly distinguishable from the oral and nasal epithelia ( Fig. 1 A,B) , periderm cells of the medial edge slightly bulged and firmly adhered with each other (Fig. 1C) . Histologically, the MEE consisted of the flat periderm (superficial MEE) cells and cuboid basal MEE cells, though the periderm cells were sometimes artifactually missing in the sections of 5 µm thickness ( Fig. 2A) . The oral epithelium consisted of immature squamous cells (Fig. 1D) . The nasal epithelium was not yet differentiated into the respiratory epithelium (Fig.  1E) . However, when the single palatal shelf was cultivated for 36 hours in suspension culture with 95% O 2 /5% CO 2 , the MEE became distinguishable from the oral and nasal epithelia by a clear boundary (Fig. 1 F,G) . In high-magnification images, it was clear that multipolar fibroblast-like cells were present on the medial edge instead of epithelial cells (Fig. 1H) . Concurrently, oral epithelial cells differentiated into mature, pavement-like squamous cells (Fig. 1I ) and nasal epithelial cells differentiated into ciliated columnar cells and non-ciliated bulgy cells (Fig. 1J ), equivalent to those of E15.5 palates (insets of Fig. 1 I,J) . Such complete MEE cell disappearance was always observed in every single palatal shelf after 36 hours of suspension culture with 95% O 2 /5% CO 2 (Table  1) . When the single shelves were cultivated for 36 hours of suspension culture with 95% air/5% CO 2 or static culture with 95% O 2 /5% CO 2 , MEE cells could disappear but their complete disappearance occurred much less frequently than in suspension cultures with 95% O 2 /5% CO 2 (Fig. 2 C,D and Table 1 ). In contrast, Fig. 2 . The histology of the single palatal shelf explants before and after culture for 36 hours. Sections of the explants were stained with hematoxylin and eosin. The apical portion of each palatal shelf was magnified and shown to the right, respectively. (A) A single palatal shelf of an E14.0 ICR mouse fetus at the beginning of culture. After 36 hours of suspension culture with (B) 95% O 2 / 5% CO 2 and (C) 95% air / 5% CO 2 . After 36 hours of static culture with (D) 95% O 2 /5% CO 2 and (E) 95% air/ 5% CO 2 . Abbreviations: PS, palatal shelf; NS, nasal septum; MX, maxilla; MEE, medial edge epithelium. Although MEE cells were present at the tip of the E14.0 single shelf before culture (A), they disappeared after 36 hours in suspension culture with 95% O 2 / 5% CO 2 (B) or with 95% air / 5% CO 2 (C), and in static culture with 95% O 2 / 5% CO 2 (D). In static culture with 95% air / 5% CO 2 , MEE cells sometimes disappeared at the oral side, where the cells had touched the air-medium interface during culture (E). Dashed lines in (C-E) encircle non-physiological necrotic tissues observed. Scale bars: (A-E) 100 µm; in magnified images of the medial edge, 50 µm. Fig. 1 N,O) . Even when the shelves were cultivated for up to 72 hours in the static culture, complete MEE cell disappearance was never observed and the cells became more degenerative (data not shown). Although nonphysiological massive necrosis was always observed within the cultured explants, it was minimal in suspension cultures with 95% O 2 /5% CO 2 and was maximal in static cultures with 95% air/ 5% CO 2 (Compare Fig. 2 B and 2E). In addition, deformation of the explants due to gravity was always observed after static culture, although it never took place in suspension culture (Compare Figs. 1F, 2 B,C and 1K, 2 D,E). These results suggest that MEE cell disappearance in suspension cultures with 95% O 2 /5% CO 2 is closely associated with the terminal differentiation of MEE cells, because palatal tissues in the culture remained totally healthy and oral and nasal epithelial cells followed the same normal differentiation patterns as in utero. On the other hand, in the static organ culture in a CO 2 incubator, the differentiation of palatal epithelia was always incomplete and MEE cell degeneration was more evident than in suspension culture, indicating that conventional static culture methods are not suitable for supporting the growth and differentiation of palatal tissues in vitro.
MEE cells of the single palatal shelf can undergo terminal differentiation in suspension culture
In order to investigate how MEE cells disappear from the medial edge of the single palatal shelf in suspension culture with 95% O 2 /5% CO 2 , we harvested them at various time intervals during culture and examined the process of MEE cell disappearance morphologically and histologically.
At the beginning of culture, periderm cells of the medial edge were intact, as judged by SEM morphology (Figs. 1C, 3A) . Histologically, all the palatal epithelia were positive for cytokeratin immunoreactivity ( Fig. 4A ) and the basement membrane underlying the palatal epithelia was intact (Fig. 4A) . No dead cells were observed in the MEE, as judged by TUNEL staining (Fig. 5A) . However, the periderm of the MEE became flattened and the MEE cells began to be dissociated from each other by 16 hours of culture ( Fig. 3 B,I ) and subsequently developed numerous filopodia ( Fig.  3 C,J), while some cells underwent apoptosis (inset in Fig. 3J ). In histological sections, the cytokeratin-positive MEE became thickened and its basement membrane was angulated at the oral and nasal ends of the medial edge by 16 hours of culture (Fig. 4B ). After the MEE thickening, basal MEE cells lost cytokeratin immunoreactivity and their basement membrane began to be disrupted (Fig. 4 C-E), indicating that the basal MEE cells underwent EMT. However, it is interesting to note that many of the transforming basal MEE cells underwent apoptosis during the disruption of the under- , the fibroblast-like periderm cells migrated toward the oral side (K, L = boxed regions in E,F, respectively) and nasal side (arrows in F), and basal MEE cells thereby began to be exposed to the medial edge surface (arrows in E). The asterisk in F marks a transiently formed epithelial islet. Such islets were observed occasionally. Although the cells migrating toward the oral side showed a fibroblast-like appearance (K), they later divided into the two populations (L). One entered into the oral epithelium (asterisks in K,L), taking the debris of dead cells, and another remained near the oral end of the medial edge (arrows in L). Arrowheads in (L) indicate cells undergoing apoptosis. (G) The appearance of the medial edge after 36 hours of culture. Arrows indicate the migratory stream of medial edge cells toward the medial ends of the second (r2) and third (r3) palatal rugae. Asterisk in (H) indicates rare persistent epithelial islets after 36 hours of culture. Scale bars: (A-H) 50 µm, (I-L) 5 µm. After 16 hours of culture, the cytokeratin-positive MEE thickened and its basement membrane was angulated at the nasal and oral ends of the medial edge (arrows). (C-E) After 18 hours of culture, the basal MEE cells began to lose cytokeratin, while pushed and disrupted the underlying mesenchyme (arrows). Concurrently, some of the transforming basal MEE cells underwent apoptosis, as judged by nuclear morphology (inset in C). Cytokeratin-positive periderm cells (arrowheads) began to disappear at the tip of the shelf and the disappearance of them was extended orally (upward) and nasally (downward). (F,G) After 20 hours of culture, the remaining MEE became thickened at the oral and nasal ends of the medial edge (arrowheads in F) and formed epithelial epithelial triangles (arrowheads in G). The asterisk in (F) marks a transitory epithelial islet. (H-J) After 24 hours of culture, the cells forming epithelial triangles gradually lost cytokeratin (asterisks in I,J), followed by the disruption of the basement membrane (arrows in I,J). During the regression of epithelial triangle, the cells gradually lost cytokeratin immunoreactivity but some of them remained healthy, as judged by nuclear morphology (asterisks in insets of I,J). (K,L) After 36 hours of culture, cytokeratin-positive cells usually disappeared from the entire medial edge, as shown in (K). However, persistent epithelial islets were rarely seen after 36 hours of culture (arrowheads in L). All the merged images show dual staining of TUNEL (FITC) and immunofluorescence for type IV collagen (TRITC). The total nuclei were stained with Hoechst 33342. (A) E.14.0; all the MEE cells were TUNEL-negative at the beginning of culture. (B) After 16 hours of culture, TUNEL-positive apoptotic cells were observed in some periderm cells (arrows) and basal MEE cells (arrowheads). TUNEL-positive basal cells of the MEE were in the mesenchyme subjacent to the disrupted basement membrane (arrowheads). (C) After 18 hours of culture, apoptotic cell death increased in the MEE, but the surviving basal MEE cells took the fragmented basement membrane into the underlying mesenchyme, as is shown in (Fig. 3 C,D) . (D,E) After 24 hours of culture, apoptotic cell death still occurred during the regression of the epithelial triangles. (F) After 36 hours of culture, TUNEL-negative cells were present in the place where all the triangles had disappeared.
lying basement membrane (Fig. 5 B,C) . By 20 hours of culture, the periderm and basal MEE cells lost their epithelial morphology and looked like well-stretched fibroblasts (Fig. 3D) . Following such morphological changes, these cells migrated toward the oral and nasal sides and thereby basal MEE cells became exposed to the surface of the medial edge (Fig. 3E) . Histologically, loss of cytokeratin in the periderm of the MEE began to occur at the tip of the medial edge (Fig. 4 D,E) and subsequently extended both orally and nasally (Fig. 4 F-K) , while the adjacent cytokeratin-positive MEE became thickened (Fig. 4 F-J) and later formed epithelial triangles near the oral and nasal ends of the medial edge (Fig. 4 G-I) . Occasionally, some periderm and/or basal MEE cells formed epithelial islets on the medial edge (Figs. 3F, 4F ). After the formation of epithelial triangles, the cells were not only incorporated into the adjacent epithelia (Fig. 3 F,K,L) , but also underwent EMT (Figs. 3 F,L , 4 H-J) or apoptosis (Figs. 3 F,L, 5 D,E) . Since periderm cells of the MEE do not undergo EMT (Fitchett and Hay, 1989) , it seemed that the transient epithelial triangles comprised both the periderm and basal MEE cells and only the latter under- Amniotic fluid prevents MEE cell differentiation in the single palatal shelf but does not inhibit palatal fusion
When the single palatal shelf was cultured for 36 hours in suspension culture with mouse amniotic fluid and 95% O 2 /5% CO 2 , periderm cells remained on the medial edge and retained an epithelial morphology (Fig. 6A) . Histologically, the cytokeratin-positive MEE never disappeared but became thickened (Fig. 6B-D , Table 2 ). In the explants, although many basal MEE cells were sometimes observed to migrate into the subjacent mesenchyme through the partially disrupted basement membrane (Fig. 6C, E) , most of them failed to accomplish EMT and underwent apoptosis, as judged by nuclear morphology and TUNEL staining (Fig.  6D, E) . When bilateral palatal shelves were cultured in pairs under the same conditions, palatal fusion always successfully occurred (Fig. 6F-J, Table 2 ). Although cytokeratin-positive MEE cells always disappeared from the midline of the fusing palate by 36 hours of culture, the complete disruption of the basement membrane in the fusing palate was delayed probably due to the influence of amniotic fluid (Fig. 6H-J ) when compared with that in culture without amniotic fluid (Takahara et al., 2004) , which appeared to simulate the palatal fusion process in utero (Ferguson, 1988) . TUNEL-positive MEE cells were observed in the oral and nasal epithelia and in the mesenchyme near the midline (Fig. 6I, J) . However, it should be noted that some transformed MEE cells went EMT. The basement membrane was continually formed at the interface between the cytokeratin-positive and -negative MEE cells, while the original basement membrane was disrupted (Fig. 4 C-E, I, J). At 36 hours of culture, MEE cell differentiation was completed and only fibroblast-like cells were observed on the surface of the medial edge (Figs. 1 G,H, 3G ). Although these cells might comprise both MEE-derived and native mesenchymal cells, they were not distinguishable from each other. Histologically, cytokeratin-positive cells completely disappeared from the medial edge (Fig. 4K ) and some TUNEL-positive dead cells remained in the adjacent mesenchyme (Fig. 5F ). In addition, our SEM data indicated that some MEE cells, which had migrated toward the oral epithelia, participated in the formation of medial ends of the first to third palatal rugae in the anterior palatal shelf (Fig. 3G ). In very rare cases (1/135 in SEM, 1/86 in histology), epithelial islets persisted even after the MEE cell differentiation (Figs. 3H, 4L ). These survived between the fragmented bilateral basement membranes (Inset of Fig. 6J ). We confirmed that the human amniotic fluid of 15 and 20 weeks of gestation had similar effects on MEE cell differentiation and palatal fusion (Table 2) . Therefore, it is clear that amniotic fluid prevents MEE cell differentiation only when the MEE is directly exposed to the fluid.
Discussion
In the present study, we showed that MEE cells can undergo terminal differentiation even in the absence of contact and adhesion of the opposing MEE. By using a suspension culture of the single palatal shelf of the E14.0 ICR mouse fetus, we found that MEE cells can always disappear from the entire medial edge by 36 hours of culture. SEM and histological analyses revealed that apoptosis, EMT, and epithelial cell migration all occur in the MEE C A B
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promotive effects of the fluid on palatal fusion were previously suggested (Pourtois, 1968; Goss, 1976; Nanda et al., 1977) . EGF and TIMPs (tissue inhibitors of matrix metalloproteinases) may be intrauterine epigenetic modifiers for MEE cell differentiation, because they are contained in amniotic fluid (Sundell et al., 1980; Murphy et al., 1981; Bunning et al., 1984; Kelly, et al., 1997) and can inhibit MEE cell disappearance in the fusing palate in vitro (Dixon and Ferguson, 1992; Blavier et al., 2001; Yamamoto et al., 2003) . However, since amniotic fluid could prevent MEE cell differentiation only when the MEE was exposed directly to the fluid, palatal shelf contact and midline seam formation are prerequisite for MEE cell differentiation as well as palatal fusion to occur in utero (Fig. 7) . Thus, our results are consistent with the previous observations that in the case of cleft palate, MEE cells of unfused palatal shelves never disappeared in utero, even when they appeared to retain the ability to differentiate and accomplish palatal fusion (Takagi et al., 2000; Lavrin et al., 2001; Zhang et al., 2002; Ito et al., 2003) .
The differentiation and behavior of MEE cells in single palatal shelf suspension culture In our culture system, such autonomous differentiation of MEE cells in the single palatal shelf enabled us to examine the differentiation and behavior of MEE cells more carefully than in the fusing palate, where MEE cells cannot be observed directly. It has been suggested that periderm cells of the MEE die or slough off to allow bilateral basal MEEs to adhere with each other (Fitchett and Hay, 1989) . However, our SEM analysis revealed that most periderm cells do not die but become fibroblastic and actively migrate toward the oral and nasal sides at the early stage of MEE cell differentiation. These living periderm cells and their migration seem to be required for epithelial adhesion of the bilateral palatal shelves at the early stage of midline seam formation (Gato et al., 2002; Tudela et al., 2002) as well as transient formation of epithelial triangles during midline seam disruption (Carette and Ferguson, 1992) .
Our study showed that cytokeratin-negative basal MEE cells actively pushed and disrupted their basement membrane during MEE cell differentiation. These findings suggest that the basal MEE cells transform into mesenchymal cells before the basement membrane is completely disrupted, because the loss of cytokeratin in the MEE and cell motility toward the mesenchyme are both indicative of EMT of MEE cells (Fitchett and Hay, 1989; Shuler et al., 1991 Shuler et al., , 1992 Griffith and Hay, 1992) . In comparison with the loss of cytokeratin, we consider that expression of vimentin and fibroblast-like morphology are not sufficient evidence of EMT, since all MEE cells, including the cells forming epithelial triangles and islets, express vimentin simultaneously with cytokeratin at various stages of MEE cell disappearance, including the transient formation and disappearance of epithelial triangles and islets. Since the differentiation patterns of MEE cells in the cultured single palatal shelf is similar to that observed during palatal fusion (Mori et al., 1994; Martínez-Álvarez et al., 2000) , it is clear that terminal differentiation of MEE cells is not necessarily dependent on palatal shelf contact and midline seam formation in vitro (Fig. 7) . In addition, we found the inhibitory effects of mouse and human amniotic fluids on MEE cell differentiation, although throughout the disruption of the midline epithelial seam (Fitchett and Hay, 1989; Shuler et al., 1991; Gibbins et al., 1999) . In addition, even the periderm cells become a fibroblast-like appearance during epithelial cell migration, as shown in this study, although the periderm cells of the MEE do not have the ability to undergo EMT (Fitchett and Hay, 1989) . Such mesenchymal cytoskeleton and morphology appear to reflect the integrin-dependent adherence and migratory status of the MEE cells rather than EMT, because they can also be seen in wound edge epithelial cells during wound healing (SundarRaj et al., 1992; Gilles et al., 1999) and invasive cancer cells (Bernal and Stahel, 1985; Chu et al., 1996) .
Our histological analyses further revealed that many transforming MEE cells underwent apoptosis during disruption of the basement membrane. Recently, Cuervo and Covarrubias (2004) proposed that the midline epithelial seam in the fusing palates disappears mainly via PCD, not via EMT. They claimed that MEE cell death activates disruption of the basement membrane and coined the term 'cataptosis' for such a phenomenon. Contrary to their hypothesis, our observation strongly supports the older theory that transforming basal MEE cells disrupt their basement membrane to migrate into the underlying mesenchyme (Fitchett and Hay, 1989; Shuler et al., 1991 Shuler et al., , 1992 Griffith and Hay, 1992; Kaartinen et al., 1997; Blavier et al., 2001 ). However, many investigators who support the EMT theory have overlooked or ignored the occurrence of cell death in the basal MEE. Previous cell tracing studies seem to result in the misjudgment that the basal MEE cells labeled with fluorescent dyes all remain in the mesenchyme after palatal fusion by successful EMT, even though many of them died and were phagocytosed by healthy neighboring cells. In addition, cell labeling methods can be tricky, and some previous studies have caused controversies about MEE cell fates, as described in Introduction. Although DiI (Carette and Ferguson, 1992) and CCFSE (Griffith and Hay, 1992) have been suggested to be integrated into cell structures, our experience has shown that healthy MEE cells never uptake the dyes in suspension culture or almost completely exclude the dyes, like a 'dye exclusion assay' (data not shown). In the case of adenovirusmediated transfection of GFP gene, healthy periderm did not allow them to access to the basal MEE cells.
Cell death in the MEE during palatal fusion has been regarded to be an example of classical PCD, which is the mechanism responsible for deletion of the transient structures during ontogeny (Glücksman, 1951; Saunders, 1966; Shapiro and Sweney, 1969; Jacobson et al., 1997; Cuervo et al., 2002; Cuervo and Covarrubias, 2004) . However, our findings described above emphasize the possibility that the cell death may be secondarily caused by loss of the cells' adherent substrates. Currently, such cell death is widely known as 'anoikis' (Frisch and Francis, 1994) . By now, it has been reported that anoikis occurs during mammary gland involution in female mice (Boudreau et al., 1995; Pullan et al., 1996) and Müllerian duct regression in embryonic male mice (Roberts et al., 2002) . In the case of palatal MEE cells, the cells seem to develop greater matrix-dependency for survival and become sensitive to anoikis during EMT, because EMT is always associated with integrin-mediated cell scattering on the substrates, defined by the loss of intercellular junctions and acquisition of cell motility (Hay, 1995; Boyer et al., 2000) . Recently, Blavier et al. (2001) and Brown et al. (2002) showed that the activity of MMPs (matrix metalloproteinases) is indispensable for disappearance of the MEE seam and disruption of its basement membrane during palatal fusion, and that at least MT1-MMP, MMP-13, and MMP-3 are expressed in the MEE at the time of midline seam disruption. These MMPs are known to digest not only type IV collagen and laminins of basement membrane but also a variety of other extracellular matrix components, such as fibronectin, type I and III collagens, and proteoglycans (Werb, 1997; Seiki, 2003) . In addition, MT1-MMP and MMP-3 also act as a shedase for E-cadherin by cleaving its extracellular domain (Noë et al., 2001; Rozanov et al., 2004) . Therefore, it is most likely that while transforming MEE cells disrupt the underlying basement membrane and their cell-cell contact by using MMPs, the increasing MMP activity in the MEE can selectively kill the cells themselves owing to the extensive proteolysis of their stable scaffolding. Such cell death may also involve the migrating periderm cells because of their matrix-dependent status, though the neighboring native fibroblasts may be resistant to 'anoikis' (Frisch and Francis, 1994; McGill et al., 1997) . In the true sense of anoikis, cell death in the MEE does not necessarily mean a genetically determined cell destiny but rather occurs accidentally during MEE cell differentiation, although it must be 'programmed' because of being predictable spatially and temporally. This concept of MEE cell death is further supported by our recent evidence that the midline epithelial seam of the fusing mouse plates can disappear in the absence of MEE cell death (Takahara et al., 2004) .
What is the most suitable method for palate culture?
In other respects as well, it should be noted that our results are inconsistent with the previous hypotheses such as: (1) formation of the midline seam is indispensable for inducing EMT of basal MEE cells (Griffith and Hay, 1992; Sun et al., 1998) , (2) basal MEE cells do not undergo PCD (Fitchett and Hay, 1989; Griffith and Hay, 1992) , (3) MEE cells do not undergo EMT (Carette and Ferguson, 1992; Cuervo et al., 2002; Cuervo and Covarrubias, 2004) , and (4) PCD is not activated in MEE cells unless palatal shelves make contact (Cuervo et al., 2002) . Interestingly, most of the conflicting previous hypotheses cited above were also drawn from in vitro studies using rodent fetal palates. However, we cannot compare the results of the previous in vitro studies using mice and our present study simply, because those previous in vitro studies are different from each other and from our present study in several points, including (1) mouse strains, (2) culture methods, (3) culture conditions (medium and gas), (4) gestational days of mice used for palate culture, and (5) cultivation times. The difference in these points may have caused the conflicting results, but this possibility has been unproven.
In this study, we further attempted to ascertain the cause of the conflicting results between the previous and our in vitro studies.
Except for rats and mutant mice, Swiss-albino mice (SwissWebster, ICR, CD-1) have been most generally used to investigate the mechanisms underlying mammalian palatogenesis (Shuler et al., 1991 (Shuler et al., , 1992 Griffith and Hay, 1992; Martínez-Álvarez et al., 2000; Cuervo et al., 2002; Cuervo and Covarrubias, 2004; Takahara et al., 2004) . Since we obtained similar results using CD-1 mice (Charles River Japan Inc.), the ability of MEE cells to differentiate independently of palatal shelf contact and midline seam formation appears to be common at least in Swissalbino mice. However, such ability of MEE cells to differentiate may vary in other mouse strains and should be examined by using our single palatal shelf suspension culture. In addition, we tested the single palatal shelf of E13.5 ICR mice and confirmed that the MEE cells could disappear by 42-56 hours in suspension culture in a similar manner to those of E14.0 palatal shelves. Therefore, the use of Swiss-albino mice of different colonies and/or somewhat different stages of fetal mouse palates is unlikely to be a fundamental cause of the conflicting results between the previous and our in vitro studies.
Rather, our results strongly suggest that one cause of the conflicting previous hypotheses of MEE cell differentiation is the culture environment of static cultures in a standard CO 2 incubator. Effects of oxygen on palatal MEE cells have been underestimated and most of the previous in vitro studies have used static culture methods with a standard CO 2 incubator for palate culture. However, our study has clearly shown the poor ability of MEE cells to differentiate in static culture with 95% air/5% CO 2 , indicating that the longstanding culture methods using a CO 2 incubator is not suitable for palate culture. In contrast, in suspension culture with 95% O 2 /5% CO 2 , MEE cells could differentiate and disappear from the entire medial edge with perfect reproducibility. Furthermore, we found that BGJb medium is more suitable for palate organ culture than DMEM and DMEM/F12 (1:1 mixture) without further supplementation. According to the manufacturer's information, BGJb medium contains glucose and amino acids at much higher concentrations than those in DMEM and DMEM/F-12. These results indicate that palatal tissues, including MEE cells, are metabolically very active and require rich oxygen and nutrients for growth and differentiation. Since the developing fetus in utero is supported by maternally-derived oxygen and nutrients via placental and fetal circulatory systems, fetal explants grown in vitro should require a high concentration of oxygen and a nutrient-rich medium to support their growth and differentiation.
Taking these facts together, we regard the suspension culture with 95% O 2 /5% CO 2 and BGJb medium as most suitable for growing fetal rodent palates in vitro. If artificially forced contact of palatal shelves is needed, static culture with 95% O 2 /5% CO 2 seems to be more suitable than that with 95% air/5% CO 2 to obtain reliable results.
In addition, the MEE cell disappearance is unlikely to occur in utero by the effects of amniotic fluid. However, since the MEE cells of the cultured single palatal shelf showed similar differentiation patterns as observed in the palatal fusion process in utero, the MEE cell disappearance seems to reflect the ability of MEE cells to differentiate in the suitable culture conditions but is not an artifact. Thus, our present study is the first that clearly demonstrated the effects of various culture conditions (culture methods, oxygen concentrations, and amniotic fluid) on palatal MEE cell differentiation, which helps to understand the difference in cell differentiation in vitro and in utero.
Cleft palate is induced in laboratory mammals by a variety of teratogens and gene mutations, and the mechanisms of cleft palate formation must be heterogeneous. Our palate culture system is of a potential value for elucidating the mechanisms of normal and abnormal palatogenesis in mammalian fetuses.
Materials and Methods

Animals
Mature female ICR mice (Japan SLC Inc., Shizuoka, Japan) were mated overnight with a male, and noon of the day on which a vaginal plug was found was designated as day 0.5 of development (E0.5). Pregnant females were sacrificed by cervical dislocation on day 14.0 of gestation (E14.0) and the fetuses were removed from the uterus. All animal experiments in this study were performed in accordance with the principles of laboratory animal care at the Graduate School of Medicine, Kyoto University, and were approved by its animal research committee.
Amniotic fluids
E14.0 fetuses in the intact amniotic sac were aseptically removed from the uterus. The amniotic sac was punctured with the sharpened tip of tweezers and the amniotic fluid was carefully collected with a syringe, avoiding contamination with blood. Human amniotic fluids were collected in 2 cases of therapeutic abortion between 15 and 20 weeks of gestation with informed consent obtained from each patient in advance. The amniotic fluids were immediately cleared by centrifugation at 10, 000 X g for 20 minutes at 4°C and stored at -20°C until use.
Palate organ cultures
The maxillary portion was removed from each fetus by making two horizontal incisions through the head at the levels of the eye and oral angle. The left or right palatal shelf was further removed from each maxilla and was used as the single palatal shelf. The explants were cultured according to the suspension culture method (Shiota et al., 1990; Takahara et al., 2004) . Briefly, five to seven explants were put into a bottle with BGJb medium (Invitrogen) containing 1% penicillin/ streptomycin (Invitrogen) (1ml/explant) and flushed for 2 min with a gas-mixture of 95% O 2 /5%CO 2 or 95% air/5%CO 2 , and sealed air-tight. The bottles were incubated at 37°C on a roller device at 25-30 rpm for up to 36 hours.
To determine whether MEE cells can differentiate using a static culture method, single palatal shelves were placed at the medium/air interface on a metal grid-supported Millipore filter in a dish, so that their nasal sides faced the filter. They were cultured for up to 72 hours with BGJb medium at 37°C in humidified 95% air/5% CO 2 using a standard CO 2 incubator or in humidified 95% O 2 /5% CO 2 using an original culture chamber. The medium was changed one time at 36 hours of culture.
To examine the effects of human and mouse amniotic fluids on MEE cells and palatal fusion, single and paired palatal shelves were prepared from a given litter and cultured with the fluids diluted with BGJb medium to the concentration of 80% (v/v) by using a suspension culture with 95% O 2 /5%CO 2 for up to 36 hours.
Scanning electron microscopy (SEM)
For SEM observation, the cultured explants were fixed with PLP-GA (periodate-lysine-paraformaldehyde-fixative containing 2.5% glutaraldehyde) at 4°C for 3-5 days. After post-fixation with 1% OsO 4 for 3 hours, they were dehydrated, dried, and coated with a thin layer of gold. The specimens were examined with a Hitachi S-430 scanning electron microscope (Hitachi, Tokyo, Japan).
Histological analysis
The palatal shelves after culture were fixed in 4% paraformaldehyde buffered with 0.1M sodium phosphate (pH7.4), embedded in paraffin, and serially sectioned (5 µm thick). Sections taken at every 25 µm were stained with hematoxylin and eosin for routine histology. Other sections were examined by dual immunofluorescent staining for cytokeratin with mouse monoclonal antibody, clone AE1+AE3 (DAKO), and for type IV collagen with rabbit polyclonal antibody (LSL, Tokyo, Japan), or by the combination of immunofluorescence and the TUNEL method (Gavrieli et al., 1992) , as previously described (Mori et al., 1994; Takahara et al., 2004) . Immunoproducts were visualized with a secondary antibody conjugated with FITC (fluorescein isothiocyanate) or TRITC (tetramethylrhodamine isothiocyanate). TUNEL-positive nuclei were visualized with avidin-conjugated FITC. Total nuclei of the sections were counter-stained with Hoechst 33342 (Sigma). All the sections were examined with an Axiophoto II (Carl Zeiss) fluorescent microscope.
